Boron neutron capture therapy (BNCT) is a radiation treatment for cancer that uses charged particles from the 10 B(n, α) 7 Li reaction. The dose from the resulting alpha particles and 7 Li nuclei is called the boron dose, and is the primary dose delivered to tumor cells. Dose to the tumor and surrounding cells during neutron beam irradiation comes not only from the boron dose, but also from dose resulting from the reaction between neutrons and the elements in living tissue, as well as from leakage photons from the reactor core. Those doses other than the boron dose contribute dose not only to tumor cells, but also to healthy tissue. BNCT is performed in consideration of the results of a comprehensive and accurate dose distribution evaluation, but this evaluation is performed only within the localization of the tumor. In this study, we defined the full-body phantom in Monte Carlo code "PHITS". And we evaluated the dose distribution in full-body phantom resulting from BNCT irradiation. Moreover, we also evaluated the radiation shield material that we proposed for effective techniques to reduce the undesirable radiation exposure dose for non-target area during BNCT.
Introduction

1
Boron neutron capture therapy (BNCT) is a radiation treatment for cancer that uses charged particles from the 10 B(n, α) 7 Li reaction. This treatment involves binding stable isotopes such as 10 B to tumor cells. The isotopes emit charged particles with high linear energy transfer (LET) and short range when irradiated by neutrons, thereby selectively destroying only tumor cells during neutron radiation [1] . Because BNCT can selectively damage cancer cells, it is looked to as a potential therapy for brain tumors that are otherwise difficult to treat. Stable isotopes used in BNCT have high cross sections for neutron capture, so low-energy neutrons can be used. The reaction between 10 B and thermal neutrons yields alpha particles and 7 Li nuclei (with in vivo ranges of 10 and 5 µm, respectively), along with 478 keV prompt gamma rays. This reaction is induced by irradiating the patient with thermal neutrons at energies below 0.4 eV, or with epithermal neutrons in the energy range of 0.4 eV to 10 keV [2] . The dose from the resulting alpha particles and 7 Li nuclei is called the boron dose, and in BNCT is the primary dose delivered to tumor cells.
Dose to the tumor and surrounding cells during neutron beam irradiation comes not only from the boron dose, but also from dose resulting from the reaction between neutrons and the elements in living tissue, as well as from leakage photons from the reactor core. *Corresponding author. Email: k-takada@md.tsukuba.ac.jp Those doses other than the boron dose contribute not only to tumor cells, but also to healthy tissue. BNCT is performed in consideration of the results of a comprehensive and accurate dose distribution evaluation [3] , but this evaluation is performed only within the vicinity of the tumor, and there has been little evaluation of the whole-body effects of the undesirable dose that generally accompanies radiation treatment. This is because full-body CT scans are not performed when developing a treatment planning.
In recent years there has been increased interest in undesirable dose accompanying radiation treatment. There have been reports of cancer risks associated with the secondary neutrons generated in proton therapy [4] , as well as of possible effects on pacemakers [5, 6] , making this an important topic for consideration with regard to future directions for radiation therapy.
In this study, we use the multi-purpose particle and heavy ion transport system (PHITS) [7] and a full-body phantom to examine the BNCT neutron irradiation field. We recreate the full-body dose distribution resulting from BNCT irradiation with the goal of developing effective techniques for reducing radiation exposure during BNCT. 
Materials and methods
The BNCT beam
In the Monte Carlo code of PHITS, we defined the beam used at the Japan Atomic Energy Agency's Japan Research Reactor No. 4 (JRR-4). We performed criticality calculations for the reactor source information to obtain energy spectra. We then precisely defined the JRR-4 beamline in PHITS, and simulated BNCT treatment. In BNCT treatment, a moderator and cadmium shutter allow the use of a variety of spectra. Irradiation using thermal neutrons is the traditional approach, but in recent years epithermal neutrons have been employed for treating deep tumors. Here, we simulated an epithermal neutron beam (ENB).
Full-body phantom
We created a full-body phantom model for evaluating exposure dose. In this study, all body components were defined as soft tissue as per ICRU 46. To evaluate exposure doses at each body part, we defined dose measurement fields of 1 cm in diameter throughout the body. Defined body parts were the head (upper, left, right), shoulders, chest, abdomen, pelvis, thighs (left, right), shins (left, right), upper arms (left, right), and wrists (left, right).
Evaluation for neutron and photon distribution of full body
We simulated BNCT for a brain tumor. The phantom was situated with its head near the irradiation aperture (Figure 1) , and the PHITS input file was loaded. Neutron and photon distributions were evaluated with the body placed so that the anteroposterior axis was angled 25° to the left of the beam's central axis. Neutron energy classifications are as per IAEA-TECDOC [8] . "T-track" tally was used to determine the flux of neutrons and photons. Neutron energy bins were distinguished between thermal neutrons (<0.5ev) and fast neutrons (>10 keV). For photons, the upper limit of energy was set at 10 MeV. "T-Heat" tallies were used to determine the heat generation for each region. Calculated heat generation did not consider the relative biological effect (RBE). To consider variation in exposure due to patient orientation, valuation was also performed with the body positioned with the anteroposterior axis 35° to the left of the beam's central axis.
Radiation shielding for dose reduction
When treating a brain tumor, any radiation to a location other than the brain is considered as an undesirable dose. To test a method for decreasing the dose to areas below the shoulders, we attached radiation shielding to the phantom's shoulders, leaving no gaps. Specific dose reduction materials selected were lead for photons, polyethylene for fast neutrons, and 10 B (in boron trioxide) for thermal neutrons. Figure 2 shows the thickness and proportions of the layers of each of these materials. Boron trioxide and polyethylene in a 1:4 ratio were used for neutron shielding, and the structure was such that emitted photons would be shielded by lead. Figure 3 shows the neutron and photon distributions when the full-body phantom is placed by the anteroposterior axis angled 25° with respect to the beam. Table 1 lists the sums of heat generation for each body part according to T-Heat tally calculations, standardized with heat generation at the top of the head as 100%. Results indicate that undesirable dose by neutrons and photons at the shoulders were confirmed. Little heat was generated in locations farther than the chest. Table 2 lists heat generation for each body part when the body was angled at 35°. This additional 10° angle increased heat generation at the left side of the head, but resulted in a large decrease of heat generation in the area around the shoulders. Note that we did not consider the boron concentration for any body parts and RBEs for radiations in these calculations. Thus these ratios in table 1, 2 were non-precise for dose evaluation as clinical BNCT.
Results and discussions
Full-body neutron and photon distributions
Effectiveness of radiation shielding
The full-body distributions of neutrons and photons indicate a significant undesirable dose at the shoulders. We therefore covered this area with a radiation shield and performed similar calculations to investigate potential reductions in exposure. Figure 4 shows the neutron and photon distributions at around the neck and
the radiation shield is not attached. Figure 5 shows the neutron and photon distribution at same position with radiation shield. Figure 6 shows the comparison of heat generation at the shoulders with the radiation shield both present and absent. The vertical axis shows relative values, where 100% is the heat generation at the top of the head. As shown in figure 6 , the presence of radiation shielding reduces heat generation to 1/12 of the non-shielded value at the left shoulder, and to 1/5 of the non-shielded value at the right shoulder.
The radiation shielding used in this study consisted of polyethylene to stop fast neutrons, boron to stop thermal neutrons, and lead to stop photons. The thickness of the lead to shield for photon was 2 cm. Lead is used in two layers to prevent secondary exposure to prompt gamma rays resulting from the reaction of thermal neutrons and boron. The energy of prompt gamma rays is 478 keV. The 1/10 value layer for a 500 keV gamma ray is 1.25 cm, suggesting that the lead is sufficiently thick. In future research we will look for optimal thickness values.
Dose evaluation by T-heat tally on PHITS
In clinical BNCT, "weighted-dose" that considered of compound biological effectiveness factor (CBE factor) and RBEs is used for dose evaluation. Note that we did not consider boron concentration to the tumor or body parts in this study. Moreover T-heat tally can calculate only the physical dose in region of interest. Calculated heat generation was the value that RBE was not considered. Therefore, the ratios of heat generation for each body part to that of head were non-precise for an index of dose evaluation for BNCT. The ratios of heat generation in each parts of the body were overestimated than "weighted-dose". However, the effect to decrease the physical dose of the shoulder by the proposed radiation shield was confirmed. For the accurate dose evaluation (e.g. based on weighted-dose), the detailed examination that considered boron concentration in the tumor with a computed tomography based full-body model is necessary. This is our limitation for this study.
Conclusion
We used a simple phantom and PHITS to investigate full-body radiation exposure during BNCT. Results indicated that the utilization of appropriate radiation shielding can reduce undesirable dose in the area around the shoulders. 
